A data set of the Cluster cusp crossings over a 5-year period is studied for the interhemispheric comparison of the dipole tilt angle effect on the latitude of the mid-altitude cusp. The result shows that the dipole tilt angle has a clear control of the cusp latitudinal location. Although, the northern cusp moves 0.054 • ILAT for every 1 • increase in the dipole tilt angle at the mean altitude of 5.2 R E , the southern cusp moves 0.051 • ILAT for every 1 • increase in the dipole tilt angle at the mean altitude of 6.6 R E . The northern cusp dependence agrees with the trend formed by other observations of different satellites for different altitudes, whereas the southern cusp does not. We therefore suggest that there is an inter-hemispheric difference in the dipole tilt angle dependence of cusp, latitudinal location, which has an impact on other observations of different satellites in different altitudes.
Introduction
The magnetosheath plasma can directly access the highlatitude ionosphere through the two narrow funnel-shaped cusp regions (Heikkila and Winningham, 1971; Frank, 1971) . Accordingly, the two cusps are generally recognized as being key regions for the solar wind-magnetosphereionosphere coupling. Because of the solar wind interaction with the magnetosphere, the two cusps are always changing in their locations and shapes to respond to the time varying solar wind. As the Earth's dipole axis has an angle to its spin axis, the ram pressure of the solar wind, the IMF orientation (i.e. B y , and B x ) and the Sq current system around each cusp region in the magnetopause are likely to have some effect on the position of the cusp, the response of the two cusps should be different.
It has been theoretically predicted that the cusp would be several degrees lower in the hemisphere whose dipole axis pointed away from the solar wind ram velocity direction (Choe et al., 1973) . Based on the OGO4 data (700 km of altitude), Burch (1972) first investigated the effect of dipole tilt angle on the cusp equatorward boundary and found a cusp shifted by approximately 4 • in the invariant latitude (ILAT) over the total yearly range of dipole tilt angles. A survey of the cusp crossings observed by DMSP F7 (∼800 km of altitude) has shown that the cusp is found to move by ±2 • magnetic latitude (MLAT) from the mean position, which is located between 75.9 • and 76.8 • MLAT, in response to the changing dipole tilt angle (Newell and Meng, 1989) .
The cusp has also been studied from high-altitude and mid-altitude satellites. Nȇmevek et al. (2000) found the footprint positions of the cusp-like plasma, which is determined by the observation of the MAGION-4 satellite (altitudes 5 to 15 R E ), to have a substantial latitudinal dependence on the dipole tilt angle with a slope of 0.15 • MLAT per 1 • of dipole tilt angle. This slope increases for observations made in the vicinity of the magnetopause (0.16 • MLAT per 1 • of dipole tilt angle). The observations of the Polar Spacecraft (altitudes 5 to 10 R E ) suggested the same dipole tilt angle effect on the location of the northern cusp, with roughly 0.07 • ILAT for every 1 • of dipole tilt angle at mid-altitude (Zhou et al., 1999) . In a recent paper, Pitout et al. (2006) conducted a statistical study of the four years Cluster crossings of the mid-altitude cusp. Their results showed that an increase of Cluster FGM data with the T96 model, the PEACE electron density and energy, the HIA H + density, and the He ++ density, respectively. The shadow indicates the polar cusp region based on the criteria.
But they did not take into account the interhemispheric difference in the effect of the dipole tilt angle on the cusp location. Newell et al. (2006) checked the difference between the two hemispheres in the dipole title angle effect by the DMSP satellite observations at the ∼800 km altitude. They gave a slope of 0.043 • cusp latitude per 1 • dipole tile angle by a large number of cases (1857), mostly from the Southern Hemisphere. The smaller subset of data from Northern Hemisphere (407) has a slope of 0.046 • cusp latitude per 1 • dipole tile angle, so they conclude that Northern and Southern Hemispheres act similarly.
Indeed, the Cluster satellites provide a good opportunity to research the location of mid-altitude cusp region (4-8 R E ) in both hemispheres. In this paper, we mainly focus on the inter-hemispheric comparison of cusp location dependence on dipole tilt angle. Our results suggest an inter-hemispheric asymmetry of the dipole tilt angle effect on the latitude location 2 Data presentation
Identification criteria
One way to discern the cusp region is by a diamagnetic depression (Tsyganenko and Russell, 1999) . We can expect to see a decrease of the total magnetic field and some fluctuation in the magnetic field because of the diamagnetic effects of the incoming magnetosheath plasma and the weak background magnetic field in the mid-altitude cusp region. We can also see the magnetosheath-like (high density and low energy) plasma in this region. Based on these expectations our criteria to identify the cusp region are as follow: a decrease of the magnetic field strength from the background field greater than 1 nT associated with some fluctuations; a sudden increase in the proton and electron density (greater than 5 cm −3 ); an electron thermal energy less than 100 eV; the presence of significant He ++ (greater than 0.5 cm −3 ), which signifies a solar wind origin. This method was also used by Zhou et al. (1999) , who utilized the Polar satellite data in studying the cusp. As we know, the altitude of the cusp crossing for the Polar satellite is different from that for Cluster satellites, both in the Northern Hemisphere and the Southern Hemisphere. Nevertheless, we still use the broad criteria at the Polar altitude to identify the cusp region. Indeed, when we used the criteria to identify the cusp region in this study, we found the parameters varied in a consistent fashion according to the criteria used for the earlier study involving Polar, such that it is easy to identify the cusp region. This demonstrates that the criteria for the Polar crossings are also effective for the Cluster crossings. When we use these criteria to identify the cusp region in our study, we make use of the Cluster magnetic field, ion and electron data from the Flux Gate Magnetometer (FGM) (Balogh et al., 2001 ), Cluster Ion Spectrometer (CIS) (Rème et al., 2001) and Plasma Electron and Current Experiment (PEACE) (Johnstone et al., 1997) , respectively. (Tsyganenko and Stern, 1996) . The second and the third traces show the PEACE electron density and energy. The highest electron density is 35 cm −3 , and the highest electron energy is about 100 eV. The fourth trace shows the HIA H + density. The bottom traces show the He ++ density. The highest proton density is about 20 cm −3 . These are all consistent with the criteria we have used above.
Data set
It is well known that the interplanetary magnetic field (IMF) plays a significant role in controlling the cusp location. For increasingly southward IMF, the cusp location is observed to move to lower latitudes, while for increasingly northward IMF, the cusp displays a slight tendency to move to higher latitudes (Newell and Meng, 1989) . To limit the contribution of the IMF, we investigate the dipole tilt angle dependence on the cusp location only for northward IMF cases, for which the cusp is almost immune to the IMF variation (Newell and Meng, 1989; Palmroth et al., 2001; Pitout et al., 2006) .
For each of the years 2001 through 2005, all the midaltitude cusp passes used here come from July to October. Then the Cluster spacecraft orbit has a good coverage at a wide magnetic local time (MLT) range (from 08:00 to 16:00 MLT) in the dayside magnetosphere (Pitout et al., 2006) .
Adding all these selection criteria together, we obtain a data set containing 95 polar cusp crossings (54 Northern Hemisphere crossings and 41 southern crossings) for northward IMF. The actual solar wind key parameter data for these events are available from the NASA's Space Physics Data Facility (SPDF).
Data analysis
Cluster, with a polar orbit, crosses both the northern and southern cusp regions each year. Since apogee lies slightly south of the equator, the southern crossings are sampled at slightly higher altitudes than the northern crossings and the local time coverage is also slightly different. Figure 2 depicts all the center position of the cusp crossings on a MLT vs. ILAT plot. Crossings occurring in the Northern and Southern Hemispheres are shown in Fig. 2a and b , respectively. Here, the MLT and ILAT are calculated by using the T96 model (Tsyganenko and Stern, 1996) in SM coordinates to trace the We note at this point that in the two most closely related studies to the present work, slightly different criteria were adopted. Zhou et al. (1999) chose to find ILAT values by mapping from the T89 model, in order to center the cusp crossings to the implied magnetic funnel from the field model. Pitout et al. did not use the mid cusp region to identify position, but used the poleward boundary in order to better reveal the effects of northward and southward B z . In the first case, the use of T89 shifts the effective ILAT values of each position higher, but we expect the dipole tilt dependence to be similar. In the second case, it is possible that the poleward boundary has a higher dependence on the dipole tilt since the cusp tends to widen during negative tilts, moving the poleward edge more poleward than the central cusp region.
At first glance in Fig. 2 , most of the recorded cusps are located in a region extending from about 10:00 to 14:00 MLT and from about 75 • to 80 • ILAT, while the spatial distribution of northern cusp crossings seems more scattered than that of southern cusp crossings, and also it seems there is an inter-hemisphere asymmetry. The center of the distribution for northern cusp crossings is located at 12:00 MLT and 78 • ILAT. For southern cusp crossings the center of distribution is located at 11:30 MLT and 78 • ILAT. Figure 3 shows the ILAT of the center of the northern (Fig. 3a) and southern (Fig. 3b) cusp location as a function of the dipole tilt angle for cusp crossings corresponding to northward IMF. The dipole tilt angle is defined as the angle between the north dipole axis and the GSM Z-axis. This angle is positive when the dipole tilts toward the Sun, and negative when the dipole tilts away from the Sun. Here we just multiply the dipole tilt angle by −1 for the southern cusps. In Fig. 3 the dots show the cusp crossings according to their ILAT and dipole tilt angle. The linear fit of these dots in each panel in Fig. 3 gives the following relations: NC = 77.95 + 0.054
(1)
Equation (1) is for the northern cusp and Eq. (2) is for the southern cusp. Here, NC and SC represent the ILAT of the northern and southern cusp center, respectively, and is the dipole tilt angle. From Eqs. (1) and (2), we can see some properties for the cusp location in the Cluster orbit. The mean cusp position (for 0 • tilt angle) is 77.95 • ILAT in Northern Hemisphere and 78.00 • ILAT in Southern Hemisphere. The slope of the fit line is 0.054 • for the Northern Hemisphere and 0.051 • for the Southern Hemisphere, respectively. This means that the northern cusp moves 0.054 • ILAT for every 1 • increase in the dipole tilt angle and the southern cusp moves 0.051 • ILAT for every 1 • increase in the dipole tilt angle. The overall behavior of the cusp is the same (within the uncertainties) as that reported by some authors before (Newell and Meng, 1989; Zhou et al., 1999; Nȇmeček et al., 2000) , i.e. the slope is positive, which implies that the greater the dipole tilt angle is, the higher the ILAT of the center of the cusp will be. However, previous authors have considered the Northern and Southern Hemispheres together to study the dependence of the cusp location on the dipole tilt angle. In our statistical study, the cusp crosses are divided into two groups, i.e. Northern Hemisphere and Southern Hemisphere (here we should note that the average altitudes are not the same in the Northern and Southern Hemisphere). The result shows that the cusp does not behave the same way for the two hemispheres, since different slopes are found from the linear fits. This result suggests an inter-hemispheric difference in the dependence of cusp latitudinal location on the dipole tilt angle. Figure 3a also shows a set of points with slightly lower ILAT values from the main distribution, but we have not attempted to separately analyze these.
Discussion and conclusion
As we mentioned above, some authors have studied the dependence of cusp locations on the dipole tilt with other different satellites observation at different altitudes. If we consider the previous results for different altitudes together, we can find that the higher the altitude of the satellite crossing, the larger the slope (Newell et al., 2006; Pitout et al., 2006; Zhou et al., 1999; Nȇmeček et al., 2000) . Fig. 4 is placed high, compared to the other studies, since they used the poleward boundary of the cusp, rather than the center of the cusp region, to identify position), point 3 (northern cusp only) from Zhou et al. (1999) and points 4 and 5 are from Nȇmeček et al. (2000) . The altitudes of the points in Fig. 4 are just the typical values. From Fig. 4 , we can see that the 25 slope increases monotonically with the increasing altitude. In Fig. 4 the points c and d indicate the results from our study for Northern and Southern Hemisphere at different average altitudes respectively, and do not follow the result from previous authors that the slope increases monotonically with the increasing altitude.
It should be also noted that the cusp crossings of the Cluster in this study are from 2001 to 2005. During this time period the line of apsides of the Cluster orbit changes, causing the apogee to occur progressively at higher altitudes in the Southern Hemisphere. Thus, the cusp crossings will occur at different altitudes in the two hemispheres from one year to the next. In this study, the mean altitude of the cusp crossings in Cluster obit was 5.2 R E in the Northern Hemisphere and 6.6 R E in the Southern Hemisphere (the two mean altitudes are different in the Northern and Southern Hemisphere). Therefore, the slopes for the Northern and Southern Hemisphere are average values and the value for the Southern Hemisphere should be bigger than that for the Northern Hemisphere according to the trend in Fig. 4 . According to this trend of the slope increasing with altitude, in Fig. 4 the point d should have a value of about 0.069 • , which is higher than its actual value of 0.051 • ; therefore, it gives a reversed result. Thus, our result in this study is contrary to the trend in Fig. 4 and suggests an inter-hemispheric asymmetry of the dipole tilt angle effects on the latitude location.
As mentioned above, for each of the years 2001 through 2005, all the Cluster cusp crosses in this study come from July to October (Pitout et al., 2006) . This period is just in the summer and autumn for the Northern Hemisphere and the amount the solar EUV radiation reaching the ionosphere should be much different from that in the Southern Hemisphere (which is in the winter and spring). This will result in some different effect of the solar radiation on the two hemispheres. Choe et al. (1973) predicted the dipole tilt angle effect by a simple magnetic dipole model plus magnetopause current. It has also been found that the dayside field-aligned currents (FACs) move poleward and equatorward in the summer and winter hemispheres, respectively (Fujii et al., 1981; Christiansen et al., 2002; Ohtani et al., 2005) . That is consistent with the cusp location shift reported here. Newell and Meng (1989) supposed that the effect of the dipole tilt angle on the cusp location could be induced by the variation in the dayside current systems with changing dipole tilt angle. However, because the Cluster cusp crossings in this study are just in the summer and autumn for the Northern Hemisphere and the solar wind interact with Earth which keep an attitude of spin axis towards the sun, it may have some systematically different affected for the two hemispheres during this period (July to October) of each year. The ram pressure of the solar wind or the IMF orientation (i.e. B y and B x ) may have a different effect on the position of the cusp and on the dependency. These can be seen clearly in Figs. 2 and 3. In Fig. 2 , the spatial distribution of northern cusp crossings seems more scattered than that of southern cusp crossings and it seems there is an inter-hemisphere asymmetry. In Fig. 3 , the distribution of the northern cusp crossings clearly more scattered than that of the Southern Hemisphere. For the fit line for the two hemispheres, the standard deviation is 2.20 • in the Northern Hemisphere and 1.08 • in the Southern Hemisphere. Therefore, the difference of the two hemispheres may be resulted from the solar wind ram pressure or the IMF orientation. It seems reasonable to attribute the inter-hemispheric difference in the dipole tilt angle effect to the ram pressure of the solar wind or the IMF orientation (i.e. B y and B x ).
One plausible cause of the variation of the currents systems is the ionospheric conductivity changes (Fujii et al., 1981; Ohtani et al., 2005) . The variation of the dipole tilt angle could control the amount of EUV radiation reaching the ionosphere and thus changing the amount and distribution of conductivity. But Christiansen et al. (2002) offered a different explanation. They argued that the seasonal dependence in the global FACs system is generated and maintained by various solar wind-magnetosphere interaction processes, such as quasi-viscous interaction and reconnection. This issue requires further investigations in the future.
Summary
In summary, we investigate the inter-hemispheric asymmetry of the location of the cusp and its dependence on the dipole tilt angle by analyzing the Cluster data obtained in the midaltitude cusp region at the altitude of 4-8 R E . The results show the northern cusp moves 0.054 • ILAT for every 1 • increase in the dipole tilt angle at the mean altitude of 5.2 R E , while the southern cusp moves 0.051 • ILAT for every 1 • increase in the dipole tilt angle at the mean altitude of 6.6 R E . However, the previous observations of different satellites at different altitudes showed that the slope increases monotonically with the increasing altitude, i.e. the higher the altitude is; the larger the slope will be (this will be studied further in the other paper). The contrast between our results and the previous results, therefore, suggests an inter-hemispheric difference in the dependence of the cusp latitudinal location on the dipole tilt angle, which may reflect the inter-hemispheric asymmetry of the magnetospheric configuration, current system and solar wind interaction with magnetosphere between the Northern and Southern Hemispheres.
